We have developed an on-line sensing method for the detection of volatile organic compounds (VOCs) in contaminated aqueous solutions by combining a microporous hollow fiber membrane with an infrared (IR) sensing system. Polypropylene microporous hollow fibers were used to separate the VOCs from the aqueous solution into the hollow fibers, which were purged countercurrently for detection by the IR sensing systems. An evanescent-wave-type IR sensing system was used to detect the VOCs that were purged from the hollow fibers. The sensing element was coated with polyisobutylene (PIB) to concentrate the VOCs for their detection. To study the performance of this system, we examined a number of factors, such as the purging flow rate, the sample flow rate, and the volatilities of the VOCs. The results indicate that an increase in the purging flow rate reduces the analytical signal significantly, especially for purging flow rates >2 mL/min. The pumping flow rate for the aqueous sample also influenced the analytical signals, but far less sensitively. The volatilities of the examined compounds also affected the analytical signals: the higher the volatility of the compound, the lower the intensity of the analytical signals and the shorter the time required to reach the equilibrium signal. From an examination of the dynamic range of this proposed method, a regression coefficient >0.994 was obtained for concentrations below 250 mg/L, even under non-equilibrium conditions. The response time of the system was studied in an effort to examine the suitability of using this sensing method for automatic detection. The results indicate that new equilibrium conditions were established within 3 min for highly volatile compounds, which suggests that on-line monitoring of the levels of VOCs can be performed in the field.
Introduction
Fourier transform infrared (FT-IR) spectroscopy enables the molecule-specific analysis of organic compounds to be performed in aqueous solutions. [1] [2] [3] [4] [5] Applying evanescent waves to FT-IR spectrometers offers the advantages of ease of operation and simple handling of aqueous samples. This technique is suited to the analysis of aqueous samples because the evanescent field penetrates only a very short distance (dp), which can be estimated 1 by the equation dp = λ/{2πn1[sin 2 θ -(n2/n1) 2 ] 1/2 }
where θ is the angle of incidence, λ is the wavelength of the incident radiation, n1 is the refractive index of the internal reflection element (IRE), and n2 is the refractive index of the surrounding medium. Generally, dp varies in the IR region from a few tenths of a micron to a few microns; these small values of dp limit the sensitivity for this type of detection. Recently, polymer film coatings have been applied to the IRE for use in evanescent wave-type IR sensing systems. [6] [7] [8] [9] [10] Such hydrophobic film coatings serve as a solid phase microextraction zone [11] [12] [13] to exclude water molecules from the penetration depth of the radiation and to attract organic species close to the sensing IREs. There are two approaches to the measurement of VOCs using the polymer-coated IREs. In the first, soaking-type sensing, the IREs are immersed directly in the aqueous solutions; the instability, however, of the sensing probe in water and the contamination of the surface of the sensing element by the particles suspended in the aqueous solutions are two major drawbacks of this approach. In the second system, headspace-type sensing, a hydrophobic-filmcoated IRE is suspended above the aqueous solution to extract any VOCs that vaporize from the solution, [14] [15] [16] which effectively reduces the problems associated with the soaking-type attenuated total reflection-infrared (ATR-IR) sensing devices.
Although sampling of the headspace has been applied successfully to IR sensing, some weaknesses have been observed. For example, the diffusion rate of the VOCs from aqueous solutions is generally slow. Thus, convection and thermal energy are commonly applied to increase the mass transfer rate for the escape of the VOCs from the aqueous matrix. The addition of thermal energy reduces the stability, and, hence, the intensity, of the analytical signals because the IREs become warmed by the water vapor. The regeneration processes used in these methods are inconvenient to perform and the ability to effect continuous monitoring is limited.
In this study, to eliminate the problems associated with the methods described above, we introduced a microporous hollow fiber membrane into the headspace of the IR sensing system. Such an IR sensing system not only eliminates the problems associated with conventional headspace IR sensing methods but it also allows on-line monitoring of VOCs in aqueous solutions. Basically, a polymer-coated evanescent wave IR sensor was incorporated into the system as a flow cell. The VOCs in the aqueous solution were sampled through the microporous hollow fiber membrane. The VOCs that diffused into the hollow fiber were transferred to the IR sensing cell by the application of a purging flow. The rate of mass transfer from the aqueous solution to the headspace can be increased by applying a heavy convection to the system by pumping the liquid sample to the surface of the hollow fiber. Then, the speed at which the equilibrium concentration may be reached is increased relative to that of static-type sensing systems.
To examine the detected IR signals quantitatively, we modified the working functions developed for headspace solid phase micro-extraction (SPME) for this proposed sensing system. In the conventional method of sampling a headspace, a three-phase system, which involves mass transfer in three phases and across two interfaces, is typically used to describe the extraction process. 11, 17 In such a three-phase system, mass transfer in the headspace is considered to be a very fast process and the two interfaces, the aqueous solution/headspace and the headspace/hydrophobic film, have a major influence on the extraction efficiency. For our proposed system, mass transfer from the aqueous solution to the IR sensing element involved three interfaces: aqueous solution/membrane, membrane/ headspace, and headspace/hydrophobic film. Because the pore sizes in the membrane are much larger than the molecular sizes of the VOCs, it can be assumed that the analytes are transported directly through the pores. Therefore, the aqueous solution/ membrane and membrane/headspace interfaces can be simplified into one aqueous solution/headspace interface. Hence, the equations developed by Pawliszyn and coworkers 17 can be used to describe quantitatively the extraction behavior in our hollow-fiber-membrane IR sensor. The equation they derived is based on equilibrium conditions:
where n ∞ is the amount of analyte extracted by the SPME polymer film when partition equilibrium is attained; Kfh and Khs are the equilibrium partition constants for the analyte between the headspace and the hydrophobic film and between the aqueous solution and its headspace, respectively; Vf, Vh, and Vs are the volumes of the hydrophobic film, the headspace, and the aqueous sample, respectively; and Co is the concentration of the analyte in the original sample solution. Because the aqueous solution is pumped continuously through the sampling system, the value of Vs is considered extremely large and, thus, Eq. (2) can be further simplified to
The dynamic process of sampling at the headspace prior to partition equilibrium has also been investigated by Ai. 18, 19 This dynamic model focused on the mass transfer at the two interfaces for sampling at the headspace, and can be stated in the following form:
where n is the amount of analyte extracted by the polymer film prior to partition equilibrium, t is the extraction time, and ah is a complicated parameter that determines how fast the equilibrium can be reached. Because our proposed method employs a purging gas to transport the VOCs from the headspace inside the hollow fiber to the IR sensing element, the effect of flow rate should also be considered. For example, the higher the flow rate, the shorter the time required for the VOCs to be adsorbed by the SPME phase. Therefore, a purging flowrelated factor, f, is added to Eq. (4) to correct it for the effect of the gas flow. Thus, the final working equation for our proposed method is
where the constant k = Kfh · Khs · Vf · f. When all of the parameters related to factor k remain constant, Eq. (5) can be used to monitor the dynamic response of our proposed sensing method. In any practical consideration, the time to transfer VOCs from hollow fibers to the headspace of the sensing element is not theoretically considered. Therefore, in the examination of the performance of Eq. (5), the time t is adjusted slightly to meet the practical experimental conditions.
Experimental

Apparatus
The ATR flow cell was constructed from an aluminum plate and had an inner cavity of 4 mm × 4 mm × 40 mm dimensions. After the sensing element was placed in the cell, the void volume in this cell was ca. 400 µL. A gas flow pump was purchased from Fluid Meter Co. To measure the gas flow rate precisely, a bubble meter was attached at the end of the flow system. An FT-IR spectrometer (Jasco, Model FT-IR-460 plus, Japan) equipped with a liquid N2-cooled mercury cadmium telluride (MCT) detector was used to collect the IR spectra at a resolution of 4 cm -1 and a scan number of 1. A 45˚ trapezoidal (55 mm × 3.8 mm × 2 mm) ZnSe crystal was purchased from International Crystal Laboratory (Garfield, NJ) for use as the IRE.
A schematic diagram of the sensing system is presented in Fig. 1A . Two pumping systems were used in this system: one to pump the aqueous samples and the other to pump the carrying gas, purge the VOCs to the IR sensing cell, or to regenerate the sensors in the cell. In the arrangement depicted in Fig. 1A , this system can be fully automated. A diagram of the hollow fiber membrane module is displayed in Fig. 1B . The membrane module was constructed from a 20-cm-long polypropylene microporous hollow fiber membrane obtained from Membrna (Wuppertal, Germany), aluminum plates, and silicone rubber spacers. This hollow fiber membrane had a pore size of 0.2 µm, an internal diameter of 600 µm, and a wall thickness of 200 µm. The aqueous sample was passed continuously through the membrane module, which comprised a single hollow fiber membrane in a shell and tube design. Two pumps (Model RHSY, Fluid Metering Inc., Syosset, NY) were used to pump aqueous samples and to purge air into the hollow membrane.
Materials and reagents
Polyisobutylene (PIB, ΜW 1200000), which was obtained from Acros Organics (Geel, Belgium), was used to coat the IREs. Basically, PIB was dissolved in toluene to form a 2% solution (w/v) for coating the IREs, using a dip coating method. Chloroform, trichloroethylene, toluene, and chlorobenzene were obtained in analytical reagent grade from Acros Organics; based on the vapor pressure equation provided in Ref. 20 
Results and Discussion
Detection time profiles for VOCs with different volatilities
Four different VOCs, chloroform, trichloroethylene, toluene, and chlorobenzene, were examined to investigate the performance of the system proposed in this work. Typical highquality spectra obtained from these compounds (concentrations of sample solutions: 100 mg/L) using the sensing device proposed in this work are presented in Fig. 1C . For quantitative purposes, the peaks labeled with the arrows were used to represent the adsorbed quantities of the analytes. The characteristic peaks located at 760, 840, 730, and 740 cm -1 were selected to obtain quantitative data for chloroform, trichloroethylene, toluene, and chlorobenzene, respectively. Figure 2A displays the detection time profiles for these compounds recorded at a concentration of 100 mg/L. A sample flow rate of 4 mL/min and a purging flow rate of 1.2 mL/min were used in these experiments. The working function, in the form of Eq. (5), was fitted (solid lines) to each set of experimental data with a slightly adjustment of the detection time due to practical considerations. This working function fits the experimental data very well in the region, except for the first few minutes, which indicates that Eq. (5) is workable for describing the behavior of the analytes in this system.
As can be observed in Fig. 2A , the intensities of the IR signals increase in the order: chlorobenzene > toluene > trichloroethylene > chloroform; i.e., the relative intensities of these IR signals are inversely related to their vapor pressures. For example, chloroform and trichloroethylene possess vapor pressures of 20.7 and 7.1 kPa that are much higher than those of chlorobenzene and toluene. The speeds at which the signals reached their maximum intensities were proportional to their vapor pressures and strongly related to their mass transfer rates at the interfaces of aqueous solution/membrane and membrane/headspace. As the results presented in Fig. 2A show, the speeds at which the maximal signal intensities were obtained increased in the order: chloroform > trichloroethylene > toluene > chlorobenzene.
To further distinguish the mass transfer rates in PIB and membrane, experiments were performed by soaking the hollow membrane in the sample for a certain period of time before purging carrier gas. The results are displayed in Fig. 2B . The pre-equilibrium times for chloroform, trichloroethylene, toluene, and chlorobenzene were 5, 10, 10 and 15 min, respectively. As can be observed in this figure, the speed in obtaining the maximal signal intensity for chloroform is very similar to that obtained in the previous experiment (cf. Fig. 2A ). This result indicated that chloroform can effectively penetrate through membrane and PIB phase. The mass transfer rates of VOCs with a relative low volatility are decreased along with their vapor pressures. If we assume that the concentration inside the headspace of the hollow fiber reaches equilibrium (i.e., the maximal concentration can be obtained inside the headspace of hollow fiber), the speed at which the maximal signals is reached must be related to the rate at which PIB adsorb the VOCs in the headspace. Therefore, chlorobenzene and toluene penetrate through the PIB phase at very similar rates, but slower than those of chloroform and trichloroethylene.
Effect of sample flow rate
The sample flow rate affects the concentration of the aqueous solutions because, once the VOCs penetrate into the headspace in the hollow fiber, the concentration of these VOCs in the aqueous solution is reduced slightly. Therefore, a faster pumping rate should be used for higher-vapor-pressure VOCs to compensate for the reduction in the concentration. To study the effect of the pumping speed, the chloroform solution (100 mg/L), which exhibits a high vapor pressure, was examined. The purging air was controlled at a flow rate of 1.2 mL/min and no pre-equilibration was performed; the detection time profiles for this compound were examined by pumping at sample flow rates of 2, 3, 4, and 5 mL/min (Fig. 3A) . As can be observed in this figure, the sample flow rate influences the equilibrium signal as well as the equilibrium time. Basically, at higher flow rates, stronger IR signals were obtained and the time required to reach equilibrium was reduced. These observations reveal that the mass transfer rate of chloroform was indeed so fast that its concentration in the aqueous solution was reduced slightly after sampling. Figure 3B displays plots of the IR signal intensity against the sample flow rate at different sampling times. As can be observed in this figure, the intensities of the IR signals reach a certain value at a flow rates >4 mL/min and the trends are similar for the different sampling times. The IR signals were influenced less significantly by the sample flow rate, which reveals that the compensating effect of the reduced concentration was sufficient at flow rates >4 mL/min.
Effect of purging flow rate
The effect that the air flow rate had on the IR signal was also examined. The conditions used to perform these experiments were the same as those described in the previous section, with the exception that the sample flow rate was maintained constant at 4 mL/min. The purging flow was controlled at gas flow rates of 0.5, 1.2, 2.3, and 3.0 mL/min. Chloroform was used as the probe molecule and the detected time profiles are presented in Fig. 4A . The IR signals detected at different times are also plotted (Fig. 4B ) against the gas flow rate. The detected signals indicate that the gas flow rate influenced both the maximal signal intensities and the speed at which they were reached. For example, at a higher gas flow rate, lower-intensity signals were obtained at equilibrium and shorter times were required to reach the maximal signal intensities. If the flow of gas within the fiber and the transfer line was a laminar flow, the VOCs in the flow should be maintained and purged continuously to the sensing element, but the detected equilibrium signals are smaller at higher gas flow rates. This observation reveals that a dilution effect existed. If one assumes that certain molecules can penetrate through the membrane, these molecules are diluted in the gas stream to provide a low concentration of the VOCs in the headspace at higher gas flow rates. Once the concentration was reduced by a high gas flow, the intensity of the detected signals was reduced also, as indicated in Eq. (5). A gas flow of 1.2 mL/min is suggested to transfer the VOCs from the hollow fiber to the sensing element most effectively and to maintain the intensity of the IR signals.
Linearity and effect of concentration on calibration curves
Chloroform was chosen as the substance to examine the linearity of, and the effect of concentration on, the detection of VOCs performed using our proposed method. In these experiments, the sample flow rate was maintained at 4 mL/min and the gas flow rate at 1.2 mL/min. No pre-equilibrium of the hollow fiber was applied. Aqueous samples of chloroform were prepared at concentrations ranging from 10 to 250 mg/L. The detection time profiles based on the variations of the peak located at 760 cm -1 are plotted in Fig. 5A . As can be observed in this figure, the time required to reach the maximal signal intensity was ca. 4 min for each concentration. This finding indicates that the diffusion of chloroform through the porous membrane is highly effective and that the diffusion rates are similar for different concentrations of the VOCs. Because the diffusion rate is typically controlled by the concentration gradient, the similar mass transfer rates for the different 1198 ANALYTICAL SCIENCES OCTOBER 2005, VOL. 21 concentrations may reveal that the gas flow that carries the VOCs to the IR sensing element is highly effective and that the rate-determining step is strongly related to the behavior at the aqueous solution/membrane interface. Calibration curves for chloroform obtained under non-equilibrium and equilibrium conditions are also plotted in Fig. 5B . As can be observed in this figure, a linear relationship was obtained irrespective of whether the system was detected under equilibrium or nonequilibrium conditions. To study the detection limit of this method, chloroform, trichloroethylene, toluene, and chlorobenzene solutions were prepared at concentrations of 100 mg/L. Their signals were used to calculate the limits of detection based on three times the noise level obtained for a blank. The detection limits for chloroform, trichloroethylene, toluene, and chlorobenzene were 2.9, 1.8, 0.35, and 0.34 mg/L, respectively. From these calculated values, the detection limits indicate that this proposed method is highly sensitive for the detection of VOCs.
Efficiency of regeneration
A process was developed to examine the efficiency of the regeneration of the sensing element and the residual analytes in the hollow fiber. In the regeneration process, the residual sample outside the fiber was removed by pumping a flow of water at a rate of 4 mL/min. A gas stream of 45 mL/min was used to remove the VOCs within the fiber and those adsorbed on the IR sensing element. The results for VOCs having different volatilities, chloroform, trichloroethylene, toluene, and chlorobenzene, are presented in Fig. 6 . The signals after detection were used to normalize the residual signals, which are labeled as a percentage in this plot. As can be observed in this figure, the flow removes most of the VOCs within 15 min to regenerate the whole system. The regeneration of high-vaporpressure compounds is more effective than that of low-vaporpressure ones.
Applicability to on-line detection
Although the regeneration of the sensing systems can be performed effectively within 15 min, the detection process is still too tedious for routine application. To simplify the detection process and to explore the on-line analysis (or monitoring) of VOCs in environmental samples, we examined the possibility of performing the continuous measurement of VOCs using our proposed method. In these experiments, VOCs in aqueous solutions were measured over a period of several hours while varying the concentrations of chloroform and toluene every 5 and 15 min, respectively. In Fig. 7A , the point data refer to the measured responses to concentration changes of chloroform in water over a 5-min period. In these experiments, 1199 ANALYTICAL SCIENCES OCTOBER 2005, VOL. 21 the chloroform solution was adsorbed initially at a concentration of 100 mg/L. After the equilibrium was established, 50 and 0 mg/L solutions of chloroform were substituted for the previous chloroform solution; the responses of the analysis of chloroform were monitored and are plotted in Fig. 7A . Similarly, initial chloroform concentrations of 50 or 0 mg/L were examined and then their respective solutions at different chloroform concentrations replaced the original chloroform solution; these response curves are also plotted in Fig. 7A . Toluene, which possesses a lower vapor pressure than does chloroform, was also examined using the same experimental approach; these results are plotted in Fig. 7B . From these response curves, we found that the curves of the concentration changes are highly symmetric for both compounds. For example, the responses for a concentration change from 0 to 50 mg/L and from 50 to 0 mg/L are highly symmetric. Meanwhile, the equilibrium signal of the sample concentration was attained in each case at almost the same value, even though the initial system was not clean and the regeneration process was not performed.
Because an initial signal existed in these experiments, the working function in the form of Eq. (5) was modified to
Here, the terms np and Cp denote the previous equilibrium signal and concentration respectively, and t is the time elapsed after the sample concentration was changed. This general working function fits the experimental data very well; these fits are plotted as solid lines in Figs. 7A and 7B. Based on the symmetric responses and the times required to reach the new equilibrium conditions, this proposed method is highly applicable to the on-line monitoring of the concentrations of VOCs in aqueous solutions with a dead time of ca. 5 min for highly volatile compounds, such as chloroform, and one of ca. 15 min for relatively low-vapor-pressure compounds, such as toluene. The time required to reach the new equilibria is treated as the dead time and can be predicted from either the compound's adsorption time profiles or its regeneration curves.
Conclusions
An experimental method for the on-line analysis of VOCs in aqueous solutions has been demonstrated. This method employs a microporous hollow fiber membrane and a polymerfilm-coated internal reflecting element. The results indicate that the method is a fast and reliable one for the detection of VOCs. An examination of the parameters that affect the performance of this hollow-fiber headspace evanescent-wave spectroscopy indicates that increasing the purging flow rate of the gas affects the analytical signal significantly and that the volatility of the examined compound affects both the intensity of the analytical signals and the speed of detection. In experiments performed under non-equilibrium conditions, a regression coefficient >0.994 was obtained in the range of concentrations below 250 mg/L. When the regeneration process was not performed, the results indicate that the equilibrium signal of the sample at the same concentration almost attained to its original value, which suggests that this system has the potential to be applied to the on-line monitoring of VOCs.
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